Because of interest in developing low-temperature processing methods for submicrometer integrated-circuit technology, plasma oxidation is currently being investigated as a potential alternative for thermal oxidation. Microwave electron cyclotron resonance (ECR) plasmas are receiving considerable attention from the plasma processing industry due to the capability of operating at low pressure ( -lOA Torr), high plasma densities, great ionization efficiency ( lo%-20% >, and low ion energies (20-30 eV) . These advantages make the technique compatible with ultrahigh vacuum (UHV) integrated processing. ' The use of ECR oxygen plasma to grow thin oxide on single-crystal silicon substrates has been reported.2 The physical characteristics of the ECR-grown oxides are identical to thermal oxides and the electrical characteristics are acceptable for device fabrication. Oxidation of SiGe alloys is important because SiGe promises new device applications based on its corn; patibility with silicon. Heterojunction bipolar transistors, modulation-doped field-effect transistors, resonant tunneling diodes, and avalanche photodetectors have been demonstrated.34 In order to combine SiGe-based devices with state-of-the-art Si technology, a good quality SiGe oxide is necessary. Several reports on the oxidation of SiGe have been published in the literature. Previous studies of thermal oxidation of SiGe alloys revealed that either a pure SiOZ layer'-l2 or a mixed oxide layer consisting of SiO, and GeO, (x= 1,2) 13,14 was formed on top of the SiGe alloy, which was accompanied by the rejection of Ge from the oxide and thus the formation of Ge-rich layers. These Gerich layers greatly increase the interface trap density. Recently, Vancauwenberghe et al. , 15 reported that both Si and Ge in the SiGe alloy are fully oxidized at room temperature by low-energy ion-beam oxidation using I802 ion beams with energies ranging from 100 eV to 1 keV. However, the ion energies used in the low ion-beam oxidation seems high enough to induce damage or defects on the surface. In this letter, we report the oxidation of SiGe by ECR plasma and demonstrate that Si and Ge are fully oxidized with no additional heating. We also present XPS and Auger electron spectroscopy ( AES) results at different stages of oxidation.
The experiments were carried out in an UHV system with two independent chambers equipped with a monochromatic Al Ka x-ray photoelectron spectrometer, a residual gas analyzer (RGA), and a custom-made ECR plasma source. The ECR plasma was produced with a 120-W, 2.45GHz microwave source. A 38mm-diam quartz cell on the UHV system, surrounded by a microwave cavity and an electromagnet, allows the microwave power to be absorbed by the gas in the 875-G magnetic field. Oxygen gas was introduced at the base of the quartz cell with a flow rate of approximately 7 seem. Chamber pressure was kept around 5 X 10v4 Torr during oxidation. Samples are positioned 22 cm away from the center of the plasma source. Typical ion energies in ECR plasmas were around 20 eV.* The ion-current density at the sample position was measured using a Faraday cup. A value of Isat = 12 ,uA/cm* for an oxygen plasma with absorbed microwave power of 120 W was observed. The substrate holder was designed for floating or dc bias operation, which could eliminate either positive or negative particles from impinging on the sample, thus allowing modification of the reaction conditions. The substrate holder contained resistive heating elements and a thermocouple for substrate temperature measurement and control. The sample temperature was varied tom room temperature to 500 "C. The SiGe samples (2000 A) used in this study were grown on n-type Si( 100) substrates by molecular-beam epitaxy (MBE) at 400 "C. Samples were chemically cleaned and ( 10%) hydrofluoric acid (HF) dipped before being loaded into the UHV chamber. Both Si0.sGe0,2 and SiasGees samples were studied. XPS spectra of the Si2p, Ge2p, Ge3d, and 02s core levels were taken before and after ECR processing. The Si2p and Ge2p peaks, which have electron escape depth of 30 and 7 A,16 respectively, are used to determine the oxide coverage. where do, is the thickness of the oxide layer, il,, and jlsub are the electron mean escape depths of the oxide and the substrate, respectively, and 8 is the exit angle of the detected photoelectron relative to the surface. I,, and Isub are the intensities of the photoelectron from the same atomic level; Do, and Dsub are the densities of the oxide and the substrate. Under the typical XPS data acquisition conditions, the Au 4f7n peak at 84.0 eV binding energy has a
half-width at half-maximum (FWHM) of 1.0 eV. The runto-run energy position resolution was within AO.05 eV. The analyzer settings and acquisition time for each run were kept constant in order to make meaningful comparison of the peak areas, which correspond to elemental concentrations.
A systematic XPS study of the ECR oxidation of SiGe with a sample bias +7.5 V at 250 "C was undertaken with representative results shown in Fig. 1 . Spectra 1 (a) shows a chemically cleaned SiesGec2 surface with well-defined Si2p, Ge2p, and Ge3d substrate peaks. The Ge2p photoelectrons have a lower kinetic energy than Ge3d photoelectrons and originate from a shallower depth. They provide a signal more representative of the surface than the Ge3d photoelectrfns. After a 1 min ECR oxygen plasma exposure, a 12 A oxide is formed. The oxide is composed primarily of SiO, and GeO, which are characterized by corelevel chemical shifts of 3.8 eV (for Si2p) and 4 eV (for Ge2p and Ge3d) towards higher binding energies, respectively [ Fig. l(b) ]. was the exposure to the oxygen plasma increases, the Si2p signal positioned at 99.6 eV gradually decreases, while a signal at 103.4 eV corresponding to Si02 increases [Figs. 1 (c) and 1 (d)]. The same observations are made with the Ge3d signal. However, the Ge2p signal positioned at 1217.6 eV (corresponding to elemental Ge) decreases rapidly and the Ge2p signal positioned at 1221.6 eV (corresponding to Ge4+> at first increases with oxidation time and reaches a maximum at the oxide thickness of about 30 A, then gradually decreases. This phenomenon will be discussed later. It is seen from these XPS spectra that both Si and Ge are simultaneously fully oxidized forming SiOZ and Ge02. However, at the beginning of the ECR oxidation, suboxides can be detected for silicon. As the oxidizing process continues, these suboxides disappear completely and only fully oxidized Si and Ge are observed. Figure 2 is the Auger depth profile of the oxidized Si0,sGe0.2. Ge was found to be uniformly distributed in the oxide and the Ge peak-to-peak height is slightly lower in the oxide than in the underlying alloy. There is no enriched Ge layer formed between the oxide layer and the alloy. The Auger result showing that Ge is oxidized is consistent with the in situ XPS data.
The amount of Ge in the SiGe dielectric films is lower than the original Ge content of the SiGe alloy, as shown in Figs. 1 (a) and 1 (b) , and Fig. 2 . The XPS intensity of GeO, (from Ge2p photoelectrons) increases with time and reaches a maximum at the oxide thickness of about 30 A, and then the XPS intensity of GeOZ gradually decreases [Figs. l(c) and 1 (d)]. Further oxide growth results in a silicon oxide-rich surface. Since GeO, is a volatile oxide with a high vapor pressure,'8 it has a lower sublimation energy than Si02. Therefore, some Ge02 near the surface layer may get evaporated and preferential sputtered by the plasma." This can explain why the GeO, component near the surface region decreases with time after the initial growth [ Figs. 1 (c)and 1 (d) ]. With increasing growth temperature up to 500 'C, the oxide is stoichiometric and does not lose its GeOz component. After in uac~o (around 5 X 10m8.Torr) annealing at 450 "C for 1 h, we found that the amount of GeO, in the dielectric oxide films did not change, which indicates that these alloy oxides are thermally stable. Figure 3 shows the oxide thickness derived from the XPS data as a function of growth time. There is a fast growth regime followed by a slow growth regime. At the very initial stage of growth, the oxidation involved a reaction zone, which might be several monolayers, where the oxygen species react with the bulk SiGe directly.20 So, the effect of bias is less clear and the oxidation rate is almost the same with either positive or negative bias. Further oxidation is limited by the diffusion of oxygen species through the growing oxide to the bulk SiGe. under a negative bias condition becomes self-limiting, and its saturation implies that positive ions are not the main reaction species and a barrier is present for negative ions to prevent further oxidation. On the other hand, the positive sample bias enhances the oxidation rate which indicates that negative ions cause some additional oxidation effect.2,23 These phenomena can be explained as follows: SiGe can be oxidized under a negative bias condition that attracts positive ions. Negative bias also permits injection of electrons from the SiGe substrate into the near oxide, where they can attach to interstitial oxygen to form O-.21*22 The negative ion can readily diffuse towards the interface and react with the bulk SiGe. When the negative electric field becomes high enough to offset the diffusion gradient, this process stops. Under the positive bias condition, negative ions are attracted to the surface and the high density of electrons in the plasma promote electron attachment to oxygen to form O-. The negative ion, 0 -, can migrate readily through the oxide by diffusion or by drift with a positive sample bias. The result is in accord with the previous studies of the ECR plasma oxidation of Si.2Z23 In summary, we report the growth of oxide of SiGe alloy by ECR plasma oxidation at temperatures from room temperature to 500 "C. The ECR oxidation of SiGe has been studied by in situ XPS and ex situ AES. The results indicate that both Si and Ge are fully oxidized, and the stoichiometry of the oxide does not change with temperature. The new SiGe oxide films have the potential for applications in advanced SiGe-based electronics and optoelectronics.
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